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Why neutrinos?

• DEFLECTION: charged particles vs. magnetic fields (and 
interaction with CMB)

• ABSORPTION: γ-rays interact with ISM

Neutrino Astronomy

Until recently, the study of astrophysical objects relied 
only on cosmic rays and radiation

IDEAL MESSENGER: weakly interacting and neutral particle    → origin source pointing capability
(no deflection and no absorption)

→ Observe astrophysical events with other messenger particles

The interaction between protons and nuclei generates HE neutrinos, accelerated within astrophysical galactic objects like 
Supernovae, SN relics, Pulsar Wind Nebulae, and extragalactic objects like starburst galaxies, AGNs, and GRBs. 
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Neutrino detection technique

Neutrinos are the most elusive particles and for this are very difficult to be detected. 

• observation of Cherenkov light emitted by charged 
secondary leptons produced after weak interaction

• as the probability of interaction is very small, huge 
target and huge scintillator mean are needed 

• detection technique: instrument deep ice or water with 
a matrix of light detectors [Markov ’60]
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KM3NET 
ARCA/ORCA
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θνµ ≃
1.5°

[𝐸ν(𝑇𝑒𝑉)]1/2



Neutrino detection technique
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WHY SO DEEP IN WATER/ICE? 

ATMOSPHERIC BACKGROUND generated mainly by CR:
The down-going muon atmospheric flux is greater than the muon-
induced-by-atmospheric-neutrino flux (however it decreases at 
increasing detector depth)

• In order to reliably distinguish the neutrino events from CR-induced 
particles from the upper hemisphere, neutrino telescopes look 
downwards, using the Earth as a shield against such background. 

• Astrophysical muons are identified with upgoing tracks as downgoing 
tracks are mainly related to atmospheric muons.

https://doi.org/10.3390/universe6020030
Flux as a function of the cosine of the zenith angle θ of:

(i) atmospheric muons for two different depths; 

(ii) muons induced by CC interactions of atmospheric νµ, for 
two different muon energy thresholds Eµ. 
Upgoing (down-going) events have cos θ < 0 (>0)
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Neutrino telescope map & design
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The extremely low neutrino cross-section and low high-energy neutrino fluxes motivated the scientific community to instrument 
different cubic kilometers of water and ice with matrix of light detectors around the World. 

GENERAL DESIGN

• Large volumes of water instrumented with arrays of 
detection units: vertical string-like structures 
coupled to electro/optical cables, equipped with 
optical modules.

• The detection units, with a typical length of several 
hundreds of meters, are distributed in specific 
geometries, optimized for the targeted energy region.

• The optical modules can host one or more PMTs, with 
different photocathode areas.

Rea I.C.



Rea I.C.

The KM3NeT neutrino telescope
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Currently under construction at two different sites in the Mediterranean Sea: ORCA (France) and ARCA (Italy)

• Same technology used for both detectors, but different geometry addressing different physics: the main difference between 
the two detectors consists in the density of photosensors (different spacing between strings and DOMs)

• KM3NeT/ARCA, high-energy studies
detection of HE cosmic neutrino sources 
(Eν ~ GeV-PeV) → GOAL: 1 km^3 of instrumented water
ARCA = 2 BB = 230 DUs with 4100 DOMs (currently 28 DUs)

• KM3NeT/ORCA, low-energy studies
study of the neutrino oscillations 
(Eν ~ MeV - GeV) → GOAL: 7 megatonnes of instrumented water
ORCA = 1 BB = 115 DUs with 2050 DOMs (currently 18 DUs)

MEV                  GEV                      TEV                     PEV

Supernova 
explosion

Neutrino 
oscillations

Dark matter HE neutrinos

Physics programme with ARCA and ORCA



Neutrino event topologies

Weak neutrino interaction: 
different signatures for CC/NC 
interactions according to 
neutrino flavor (𝑊± / 𝑍 boson) 
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The main channel for the neutrino telescope is the muon neutrino charged 
current interaction, since the generated muon travels for a long path 
inside the detector. 
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The KM3NeT targeted energy

ORCA ARCA
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Cosmic neutrinos can stand out 
over the atmospheric neutrinos 
at high energies (>10-100 TeV), 
becoming observable.

https://doi.org/10.3390/universe6020030

Tracks: 
Predominantly νμ CC; 
angular resolution down to 0.1◦ at 
1 PeV

Showers: 
predominantly νe CC or any NC; 
angular resolution 1◦ at 1 PeV
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The KM3NeT technology: a modular design
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• 17 ” diameter high-
pressure resistant glass  
sphere (44 cm diameter)

• calibration devices & 
electronics

The Detection Unit (DU) is a mooring line (~ 800 m for ARCA and 400 m for ORCA) consisting of 18 Digital Optical Modules (DOM):
DOMs are spaced by 36 m along an ARCA-DU, with a horizontal spacing between DUs of 90m (respectively 9 m and 20 m for ORCA)

31 PMTs (3”) 

Deployment strategy: bottom-up 
- 2m diameter LOM (launcher vehicle)
- autonomous/ROV unfurling
- recoverable & reusable
 

DATA TRANSMISSION

• All data collected offshore are digitized and sent 
without reduction to shore ("all data to shore").

• A farm of processors (data trigger & selection 
algorithms) reduce the data volume and filter the 
signals from the background 

• This approach requires that the clocks of the DOMs 
are synchronized to sub-nanosecond precision and 
that the position of each DOM is known with 10cm 
accuracy (acoustic piezo sensors)Rea I.C.



KM3NeT performance: the field of view
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• Located in the Northern Hemisphere

• Complementary to IceCube field of 
view

• Points to the Southern sky sources

• “Milky-Way optimised”:  
visibility of 70% for the Galactic 
centre + large part of the Galactic 
plane

WATER vs ICE
ABSw < ABSi
SCATw > SCATi  

Cherenkov radiation angles:
𝛉w= 43° is homogeneous, while 𝛉i= 41°
is depth-dependent
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KM3NeT performance: 𝑨𝒆𝒇𝒇 and angular resolution
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On the left:Effective areas for the 
different ARCA detectors for a flux of muon 
neutrinos and muon anti-neutrinos that 
interact via CC interaction have been 
simulated and compared to the ANTARES one, 
for similar up-going event selection.
For low energy Antares and ARCA19/21 have 
already a comparable effective area.

On the right: the final effective area of 
the full KM3NeT/ARCA for track and showers 
events.

Formula of effective 
Magari

[PoS(ICRC2023)1018]

The ARCA6-8 period reaches an angular 
resolution of ∼ 1◦ at 100 PeV while the 
ARCA19-21 period already reaches 0.2◦. 
For the full detector this is expected to 
improve towards 0.06◦.

[PoS(ICRC2023)1018]
[PoS(ICRC2023)1075]

[PoS(ICRC2023)1075]
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The search for point-like neutrino sources is one of the most important tasks of a neutrino telescope.
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The point source sensitivity is 
compared to the IceCube one: KM3NeT 
extends substantially the visible 
region of the sky and even improves 
the discovery potential in the same 
field of view

KM3NeT performance: sensitivity & discovery potential 

[PoS(ICRC2023)1075]

Can a source be seen with a given significance (e.g. 3σ or 5σ) in a given fraction 
of time of an hypothetical experiment? 

The discovery potential for NGC 1068:
a 5𝜎 discovery can be claimed after 3 
years of full KM3NeT/ARCA operation.

The discovery potential for diffuse 
neutrino flux with 𝛾 = 2.37 (IceCube): 
a 5𝜎 discovery can be claimed within a 
half year of full KM3NeT/ARCA 
operation.

The detection of a diffuse flux of cosmic neutrinos provides:

• information on the production mechanisms composition and 
acceleration of CR

• signal from faint sources that are difficult to detect individually

The flux that can be excluded at 90% 
CL (flux sensitivity).
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KM3NeT/ARCA: first results

Diffuse flux of astrophysical neutrinos at the early stages of 
the detector construction: 90% C.L. upper limits to a diffuse 
neutrino for a range of spectral indices Γ𝜈 ∈ [2.1, 2.5].

[PoS(ICRC2023)1195] [PoS(ICRC2023)1018]

Comparison of the observed limits on the flux for the ARCA6-21 
point source sensitivity → No source exceeding background yet.
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KM3NeT/ORCA: first results
The primary goal of ORCA is to investigate the Neutrino Mass Ordering (NMO) by detecting the 
neutrino flux generated in the Earth’s atmosphere 

→ very high statistic of atmospheric ν is fundamental for neutrino oscillations parameters 
studies: measurement of flavour oscillations through neutrino rate and estimation of Δm𝑖𝑗

2  and 
𝑠𝑖𝑛2θ𝑖𝑗

P α → β = sin2 2θ sin2 (∆m2
L km

E(GeV)
)

Contour at 90% CL of ORCA6 for the 
oscillation parameters 𝑠𝑖𝑛2θ23 and Δm31

2  
constrained simultaneously compared with 
other experiments.

With only 5% of its final configuration, the ORCA detector starts to contribute to the measurement of atmospheric neutrino 
oscillations → these measurements will gain in precision as the detector volume increases and the reconstruction and selection 
efficiencies are improved. 

[PoS(ICRC2023)996]

The best fit values for the parameters 
are

𝑠𝑖𝑛2θ23 = 0.51−0.07
+0.06 

 Δm31
2 = 2.14−0.25

+0.36  ∗ 10−3𝑒𝑉2

with a preference for Normal Ordering: 

− 2log
𝐿𝑁𝑂

𝐿𝐼𝑂
= 0.9

Oscillation is preferred over the hypothesis 
of no oscillations
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Normal Ordering: NO   Inverted Ordering: IO

https://pos.sissa.it/444/1075/pdf
https://pos.sissa.it/444/996/pdf


KM3NeT: current status & future
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2016          2017          2019       2020                2021                        2022         2023           ...2030

Upgrade of seabed infrastructure 
and shore station

ARCA1 ARCA2 ARCA1
ARCA6 ARCA9 ARCA21

Thanks to the PNRR Italian funds, all 115 DUs of the 
first ARCA building block will be completed plus the 
other first 15 DUs of the second building block

ORCA1 ORCA6 ORCA10 ORCA15 ORCA18

ARCA28



Summary

Rea I.C.
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KM3NeT is a research infrastructure in the Mediterranean Sea, 
housing next-generation neutrino telescopes: 

ORCA (France) and ARCA (Italy)

• Currenly mass production divided among several institutions around 
Europe

• Data-taking has already started: currently 28 DUs for ARCA and 18 
for ORCA

• First physics results confirm the detector performance as expected.

• A lot of topics are studied: besides the research of the neutrino diffuse flux,point-source and neutrino 
oscillations there are solar flares studies, supernova remnants monitoring, multimessenger research, dark 
matter …
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